Abstract Inflammation is associated with the development of atrial fibrillation (AF). Activity in hematopoietic tissues, which produce inflammatory leukocytes, is closely related to systemic inflammation, arterial inflammation and cardiovascular events, but its relationship to AF is unknown. Using 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET) imaging, we examined the relationships between AF, splenic metabolic activity and vascular inflammation. We conducted a cross sectional study of 70 participants: 35 with AF, who were matched (by age, sex and history of active cancer) to 35 controls without AF. Splenic metabolic activity and vascular aortic inflammation were measured by the mean FDG maximum standard uptake values (SUV Max) by PET. We examined (1) the association between AF and splenic activity, and (2) AF and aortic inflammation. The mean age of the population was 68.13 (standard deviation (SD) 8.98) years and 46 (65 %) participants were male. Splenic activity was higher in AF participants [2.31 (SD 0.45) vs. 2.07 (SD 0.37), p = 0.024], and remained significant after adjusting for demographic and clinical covariates. Aortic inflammation was also higher in AF participants [2.22 (SD 0.44) vs. 1.91 (SD 0.44), p = 0.004], and remained significant on multivariable analysis. Aortic inflammation and splenic activity were highly correlated (Pearson R = 0.61, p \ 0.001). Atrial fibrillation is associated with higher hematopoietic tissue activation and arterial inflammation. Further studies are needed to clarify the mechanisms by which this cardio-splenic axis is implicated in AF.
Introduction
Atrial fibrillation (AF) is the most common sustained arrhythmia, and its incidence continues to increase globally [1] [2] [3] . Epidemiological evidence suggests that systemic inflammation is an important pathological feature in AF development and persistence [4] . Still, the processes by which chronic inflammation beget AF remain poorly understood; and a greater understanding of these mechanisms may inform strategies aimed at reducing AF burden by targeting its associated inflammatory pathways.
Hematopoiesis and the differentiation of hematopoietic cells to monocytes and macrophages are crucial mechanisms in the inflammatory process. Hematopoietic activation can occur in response to acute cardiac ischemia (e.g. myocardial infarction), and chronic activation of the hematopoietic system has been shown to predict future cardiovascular events [5] [6] [7] [8] [9] [10] [11] . The spleen is the primary extramedullary reservoir for inflammatory immune cells, including monocytes, and is an important capacitor and regulator of monocyte mediated inflammation [12] . 18F-fluorodeoxyglucose (FDG) is a glucose analogue, and its uptake measured by positron emission tomography (PET) is an effective method of quantifying increased glucose mediated metabolic activity in multiple tissues. Consistent with studies that have observed an association between hematopoietic activation and cardiovascular outcomes, we have previously observed that increased splenic activity measured by FDG-PET is associated with increased arterial inflammation and cardiovascular events, providing evidence for splenic activation as a mechanism for promoting vascular inflammation and atherosclerotic disease progression [5] [6] [7] [8] [9] [10] [11] .
Given the strong relationship between AF and inflammation, it is possible that hematopoietic tissue activation may also contribute to AF development, although this has not been extensively evaluated [4] . The primary objective of this study was to examine whether AF is associated with evidence of increased splenic activity measured by FDG-PET. We also examined the relationship between AF and evidence of arterial inflammation by FDG-PET.
Methods

Study design and participants
We performed a single-center, cross-sectional imaging study of 70 participants from a clinical database of patients who underwent whole body FDG-PET/Computed Tomography (CT) imaging at the Massachusetts General Hospital for clinical indications (e.g. atherosclerosis inflammation or cancer screening) between 2005 and 2008. Thirty-five participants with a prior clinical diagnosis of AF were matched (based on age, sex, date of FDG-PET/CT imaging and a history of active cancer) to a comparator group of 35 participants without a history of AF.
FDG-PET and computed tomography imaging
All participants underwent FDG-PET/CT imaging at the Massachusetts General Hospital. Imaging was performed as per clinical protocols. All patients were required to fast overnight prior to the study. Patients underwent injection of approximately 370 MBq (10 mCi) of FDG intravenously, and data was acquired using a Siemens, Biograph 64 (Siemens, Forchheim, Germany) PET/CT scanner (or a similar system) in 3-dimensional mode approximately 60 minutes after injection of the radiotracer. Patients were imaged in the supine position over 15-20 min. Attenuation correction was performed with low-dose, non-gated, noncontrast CT (120 keV, *50 mAs). Attenuation-corrected images were reconstructed using a conventional, filtered back-projection algorithm. PET and CT images were then coregistered using a workstation that enables multi-modal standard image fusion (Leonardo-TrueD, Siemens Solutions, Malvern, Pennsylvania).
Measurements of FDG-uptake in the spleen, aorta and bone marrow
Imaging analysis was performed while blinded to clinical data. Following co-registration, the spleen was first identified on CT. Then, using the co-registered PET images, splenic FDG uptake was measured by placing 3 regions of interest in orthogonal planes (axial, sagittal and coronal), which was consistent with previous studies [8] . The maximum standardized uptake value (SUVmax) was identified in each region, which represents the decay-corrected tissue concentration of FDG (in kilobecquerels per milliliter) divided by the injected dose per body weight (kilobecquerels per gram) [8] . For each participant, the mean splenic SUVmax was measured as the average of the three SUVmax values and used as the primary measure of splenic metabolic activity for this analysis.
Aortic FDG uptake was measured using previously published methods [8] . Measurements were taken beginning from just distal to the origin of the left main coronary artery to the aortic arch. SUVmax values were measured on axial images at 5 mm intervals within regions of interest that were drawn around the aortic vessel wall. For each participant, the mean aortic SUVmax was calculated across all measured segments and used as the primary measure of arterial inflammation for this analysis.
For an exploratory analysis, FDG-uptake in the bone marrow was also measured using previously described methods [8] . For each thoracic and lumbar vertebra, a region of interest was drawn mid-vertebra and the SUVmax value was obtained. The mean SUVmax value was then calculated as the average of all individual vertebral SUVmax values.
Statistical analysis
The primary outcome for the study was splenic metabolic activity (mean SUVmax), and the primary independent variable of interest was a history of AF. Baseline continuous parameters were reported as means ± standard deviations (SD) and compared using the Students t test if normally distributed or the Mann-Whitney U test if skewed. Baseline categorical values were reported as proportions and formally compared using the Chi square test. For the primary analysis, splenic metabolic activity was compared in participants with and without a history of AF using a Student's t test. Multi-variable analyses were also performed using linear regression, adjusting for age, sex and additional clinical covariates associated with splenic metabolic activity on univariate analysis. To determine whether markers of aortic and splenic inflammation were independent of traditional cardiovascular risk factors, additional multivariable modeling was performed adjusting for the Framingham Risk Score (FRS).
Arterial inflammation (mean aortic SUVmax) was also compared in participants with and without a history of AF using a Student's t test. As above, separate multi-variable analyses were also performed using linear regression, adjusting for age and sex, additional clinical covariates significant on univariate analysis, and the FRS. Data were analyzed using R Version 3.1.2, with a p value \0.05 considered statistically significant.
Results
Baseline clinical characteristics
Baseline clinical characteristics of the study population are summarized in Table 1 . The mean age of the population was 68.13 (SD 8.98) years and 46 (65 %) of participants were male. Twenty-one (30 %) participants had a history of cardiovascular disease (CVD), 54 (78 %) had a history of hypertension, 22 (32 %) were diabetic, and 21 (30 %) had a history of smoking. Statins were used by 29 (42 %) participants. Mean FRS was 8.50 (SD 5.89). No participants were actively receiving treatment for cancer at the time of PET imaging. Among the measured baseline characteristics, no significant differences were observed between those with and without AF.
Splenic and bone marrow activity in participants with and without AF
The mean splenic SUVmax for the overall study population was 2.19 (SD 0.42). In patients with AF, splenic metabolic activity was significantly higher when compared to patients without AF [mean SUVmax = 2.31 (SD 0.45) vs. 2.07 (SD 0.37), p = 0.024] (Fig. 1) . In separate multivariable analyses, atrial fibrillation remained significantly associated with splenic metabolic activity after adjusting for demographic variables, significant clinical variables (see supplementary Table 1 for covariates), and the FRS. Bone marrow activity was not significantly associated with AF (p = 0.20). However, in the overall study population, splenic and bone marrow activity were highly correlated [Pearson R = 0.66 (95 % confidence interval (CI) 0.50, 0.79), p \ 0.001] (Fig. 2) .
Arterial inflammation in participants with and without AF
The mean Aortic SUVmax in the overall study population was 2.06 (SD 0.47). In patients with AF, average SUVmax was significantly higher compared to patients without a history of AF [2.22 (SD 0.44) vs. 1.91 (SD 0.44), p = 0.004] (Fig. 3) . In separate multivariable analyses, atrial fibrillation remained significantly associated with arterial inflammation after adjusting for demographic variables, significant clinical variables (see supplementary Table 1 for covariates), and the FRS (Table 2) . Aortic inflammation was also highly correlated with splenic metabolic activity [Pearson 
Discussion
Our study is the first to observe evidence of increased hematopoietic tissue activity in individuals with AF. Evidence of increased vascular inflammation was also observed in participants with AF. These associations may be linked via a common pathway.
Current epidemiologic evidence suggests that inflammation is an important mediator in both the development of AF, and its persistence [4, 13] . In 24,734 participants enrolled in the Women's Health Study, Conen et al. [14] observed a significant and graded increase in the risk of incident AF associated with markers of systemic inflammation. Marott et al. [15] have also observed that C-reactive protein (CRP) is associated with incident AF, although at the same time CRP polymorphisms are not suggesting that CRP is a marker of broader inflammatory processes increasing AF risk. In fact, the processes by which inflammation beget AF remain poorly understood [4] . The spleen plays a key role in moderating the inflammatory response as the major extra-medullary site of leukocyte storage. Prior studies, in animal models, have shown that a large fraction of bone marrow derived monocyte precursors traffic to the spleen, from where they can later contribute to inflammatory disorders such as atherosclerosis [16, 17] . In keeping, we have previously provided evidence for the presence of a cardio-splenic axis (in the case of atherosclerosis) [8] . However, the current study is the first to provide direct evidence of higher splenic activity in AF.
Although we did not observe a significant association between bone marrow activity and AF, we did observe that splenic and bone marrow activity were highly correlated in the overall cohort, suggesting that the increase in splenic metabolic activity observed was related to a generalized process of hematopoietic activation. Our findings are consistent with observations from prior studies exploring the role of hematopoietic activation in AF. In the Framingham study, Reinstra et al. [18] observed a direct association between total white blood cell count and incident AF at 5 years of follow-up, although individual cell lineages were not assessed, making it difficult to directly examine the role of hematopoietic mechanisms. Preliminary data from Suzuki et al. show a higher number of circulating CD14??CD16? intermediate monocytes in patients with AF compared to those without AF, and in patients with persistent compared to paroxysmal AF, suggesting that a direct relationship exists between the burden of AF and activation of the hematopoietic system [19] .
Peripheral monocyte recruitment in AF is further supported by evidence of increased serum concentrations of monocyte chemotactic protein 1 (MCP1), although whether this is due to AF itself or secondary to inflammatory processes that also act to promote AF is unknown [20] .
We also found that AF is associated with increased arterial inflammation. Although atherosclerosis and AF share multiple risk factors (e.g. age, hypertension), this relationship remained independent of global cardiovascular risk (measured by the FRS), suggesting that additional factors account for this observed relationship. It is possible that systemic processes regulating inflammation act to promote both arterial inflammation and AF, which again may be related to activation of the hematopoietic system. For example, preclinical studies have observed that increased granulocyte/macrophage colony-stimulating factor (GM-CSF) production by several classes of immune cells can co-stimulate hematopoietic and pro-inflammatory processes in both the bone marrow and spleen [21, 22] . Once this persistent state of hematopoietic activation occurs, it is associated with an increased risk of adverse CV events [5, 6] . Consistent with these findings, we have previously observed that increased splenic metabolic activity measured by FDG-PET was associated with increasing markers of systemic inflammation, increased arterial inflammation, and a higher risk of future adverse cardiovascular events [8] . In this current study, we also observed that arterial inflammation was highly correlated to both splenic and bone marrow activity providing evidence for a common pathway linking hematopoietic activation, arterial inflammation and AF. Alternatively, some studies have also observed that AF can promote inflammation, and its potential role as an inciting factor for hematopoietic activation and arterial inflammation is an intriguing hypothesis [4, 23] . Overall, our findings add to a growing body of evidence supporting the role of hematopoietic activation in a broad range of cardiovascular disorders, and further studies are needed in order to better understand pathophysiological mechanisms that underlie 'cardio-splenic' activation and its consequences. Some important limitations of our study warrant consideration. Firstly, our analysis was performed cross-sectionally, therefore causation cannot be determined from our observations. Nevertheless, our findings provide important hypothesis generating data supporting common mechanisms in AF, atherosclerosis and hematopoietic activity; and additional prospective studies are needed to further characterize the causal pathways underlying this cardio-splenic axis. Splenic FDG uptake may arise from various immune cell lines that utilize glucose production and are present in the spleen (e.g. monocytes, lymphocytes) and therefore does not necessarily correspond to monocyte activation. However, prior studies have shown that splenic activity measured by FDG is associated with serum evidence of leukocytes gene expression, and further studies are needed in order to clarify the specific cell lines that are activated in the presence of higher splenic FDG uptake [8] . Also, examining how splenic activity measured by FDG corresponds to serological evidence of increased monocyte expression, and their sub-types, would be of considerable interest in future studies, given their associations with both AF and CVD. Our study population was derived from a clinical database of patient's who underwent FDG-PET for clinical reasons, primarily cancer surveillance. Although we did not have any participants receiving treatment for active cancer, further studies are needed to determine the generalizability of our findings to broader patient populations. Our clinical database also did not allow for the differentiation of paroxysmal, persistent and permanent AF, and it would be of considerable interest in future studies to determine whether the degree of hematopoietic activation differs across different AF types. Finally, because PET studies were performed as per routine clinical protocols, methods were not employed that would optimize arterial uptake of FDG. However, we would expect that this lack of optimization would lead to underestimations of the observed associations.
In conclusion, our findings demonstrate that patients with AF have evidence of both increased hematopoietic tissue activation and arterial inflammation. Further studies are needed to clarify the mechanisms by which this cardiosplenic axis is implicated in AF.
